Effects of nickel doping on the preferred orientation and oxidation
  potential of Ti/Sb-SnO2 anodes prepared by spray pyrolysis by Chen, Aqing et al.
1 
Effects of nickel doping on the preferred orientation and oxidation 
potential of Ti/Sb-SnO2 anodes prepared by spray pyrolysis 
Aqing Chen 1∗
1 College of Materials & Environmental Engineering, Hangzhou Dianzi University, 
Hangzhou 310018, P R China. 
, Xudong Zhu 1, Junhua Xi 1, Haiying Qin 1, Zhenguo Ji 1, Kaigui Zhu 2 
2 Department of physics, Beihang University, Beijing 100191, P R China. 
 
Abstract 
Nickel and antimony co-doped Ti/SnO2 (Ti/Ni-Sb-SnO2) anodes were prepared by 
spray pyrolysis. Effects of nickel concentration on the structure and onset potential for 
oxygen evolution of Ti/Ni-Sb-SnO2 anodes have been systematically investigated. 
XRD analyses suggest that SnO2 thin films grow in preferential orientation along (101) 
plane as the nickel concentration increases. The enhanced onset potential of oxygen is 
above 2.4 V vs NHE due to the introduction of nickel doping, and increases slightly 
with the nickel concentration. The calculated results show that work function of Ni/Sb 
co-doped SnO2 also increases with the Ni doping level, which contributes to the 
enhancement of onset potential for oxygen evolution.  
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Introduction  
Electrochemical advanced oxidation processes (EAOPs) to treat polluted waters have 
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been increasingly attracted in recent years because they are the versatile and capable 
of removing a wide range of organic contaminants [1,2]. The anode materials play an 
important role on the efficiency of electrochemical advanced oxidation processes. 
Mixed metal oxide (MMO) electrodes, known as dimensionally stable anodes (DSA), 
are promising electrodes due to the high catalytic activity and contribution towards 
energy saving [3]. They consist of high corrosion-resistant materials such as RuO2[4], 
IrO2[5], PbO2[6] and SnO2[7]. The RuO2-based and IrO2-based anodes which are very 
expensive and have a low overpotential for O2 evolution [8,9] slow down the 
development of electrochemical treatment in spite of their long service life. 
PbO2-based anodes will introduce the toxic element Pb into the water during the 
electrochemical advanced oxidation processes.  
  
Because of the low cost, nontoxic materials and high onset potential for oxygen 
evolution, SnO2-based anodes are viewed as most promising anodes and intensively 
investigated [10–14]. But the short service life of SnO2-based anodes is the biggest 
drawback for their application. Interlayer insertion and noble ion-doping can 
significantly improve the service life of SnO2-based anodes [15–17] but will lead to 
the decreases in onset potential for oxygen evolution and increases of the cost of 
SnO2-based anodes. Recently, it is found that Ni/Sb co-doping significantly enhanced 
the accelerated lifetime of SnO2 anode but did not decrease the onset potential for 
oxygen evolution [10,19]. Moreover, the Ni/Sb-SnO2 anodes has the novel capability 
of generating ozone with efficiencies > 20% at room temperature [19–21]. Therefore, 
the Ni/Sb co-doped SnO2 anodes have great potential in EAOPs and electrochemical 
ozone production.  
 
Currently, the spray pyrolysis for deposition of SnO2 thin films has gained growing 
attention because the doped SnO2 thin films prepared by spray pyrolysis are 
compact[22–24]. The Ti/Sb-SnO2 anodes prepared by spray pyrolysis [25] have less 
cracks than those fabricated by spin coating [26] and dip coating [7,27]. Those cracks 
have greatly negative effects on the service life of SnO2 anodes [28]. So, the spray 
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pyrolysis for deposition of SnO2 thin films can benefit the service life of SnO2-based 
anodes. Comnienllis et. al [29] fabricated the SnO2 anodes using spray pyrolysis 
method with the precursor solution flow and carrier gas flow of 1.86 and 3 cm 3 min -1, 
respectively. They exhibited longer service lifetime than the conventional Ti/Sb-SnO2 
anodes[16]. However, to our knowledge, the Ni/Sb co-doped SnO2 anodes generally 
are fabricated by dipcoating method [10,30,31]. There is no reports on the fabrication 
of Ni/Sb co-doped SnO2 by the spray pyrolysis. Moreover, there are few works that 
systematically investigate the effects of Ni concentration on the crystal structure and 
electrocatalytic properties of Ti/Ni-Sb-SnO2 anodes. 
 
In the present work, we demonstrate the synthesis of Ni/Sb doped SnO2-based anodes  
and seak to investigate the influences of Ni concentratin on the onset potential for 
oxygen evolution and the crystalline structure of Ti/Ni-Sb-SnO2 anodes. It is found 
that the Ti/Ni-Sb-SnO2 anodes exhibit enhanced onset potential for oxygen evolution 
of above 2.4 V vs NHE, closed to the onset potential (2.7 V) of BDD [32,33]. The 
work functions of the SnO2 with different Ni concentrations are calculated using the 
first-principle based on density functional theory (DFT) to explore the reasons for the 
enhancement in the onset potential for oxygen evolution.   
Experiment details and calculation methods  
The Ti/Ni-Sb-SnO2 anodes were prepared by spray pyrolysis [34,35] on Ti substrate 
which is pretreated by sandblasting, then ethced in boiling 10% oxalic acid during 30 
min. 1.0 g SnCl4•5H2O and 0.1 g SbCl3 were dissolved into 50 ml ethanol and 5 ml 
HCl mixture. Then, the required amount of NiCl2•6H2O was added to the spray 
solution to obtain 2.5, 7.1, 9.2 and 11.3 at.% Ni doping in the precursor solution. The 
height between the spray nozzle and the hot plate was 3 cm and the flow rate of 
carrier gas (air) was 100L/h. The Ti substrates were put on the heating plate of which 
temperature was controlled by temperature controller. Before deposition of SnO2 
films, the temperature of Ti substrates was measured by temperature meter. 
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The cyclic voltammetry (CV) experiments were carried out in 0.5 M H2SO4 solution 
using a standard three electrode cell, Pt plate with the area of 1×1 cm2 was used as a 
counter electrode and Hg/Hg2SO4.K2SO4 (0.64 V vs NHE) as a reference electrode. 
The fabricated Ti/Ni-Sb-SnO2 anodes were used as the working electrode.  
 
The surface morphologies of Ti/Ni-Sb-SnO2 anodes prepared using the precursor 
solution containing 2.5, 7.1, 9.2 and 11.3 at.% Ni were observed by scanning electron 
microscopy (HITACHI S4800). The crystal structure analysis of prepared 
Ti/Ni-Sb-SnO2 anodes were carried out using the x-ray Diffraction (XRD) technique. 
The diffractometer was used employing CuKα radiation, with a scanning angle (2θ) 
range of 10° to 54°.  
 
The calculations based on the density functional theory were performed using the 
Quantum ESPRESSO package [36], the exchange-correlation energy of interacting 
electrons was treated by using the Perdew-Burke-Ernzerhof generalized gradient 
approximation [37]. All the models were calculated with a Mokhorst-Pack k-point 
(4x5x1).  
Results and analyses 
In order to obtain the the optimized depostion temperature, the Sb doped SnO2 thin 
films are deposited at different temperature from ~377 to ~550 oC. Fig 1. shows the 
scanning electron microscopy (SEM) images of as-deposited Ti/ Sb-SnO2 electrodes 
at different deposition temperature. As can be seen, there are no typical cracks of the 
SnO2 coatings prepared by thermal decomposition [7,26] and all of SnO2 thin films 
are compact. The SnO2 crystal particles have small size of about 500 nm at low 
temperature of 377 ± 5 oC (Fig. 1a ). As the deposition temperature increase, the 
average particle size of SnO2 increase.  The average size of SnO2 crystal particles 
becomes large at high temperature of 550 ± 5 oC(Fig. 1d). It is about 2 μm. The 
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element distribution of Sn, Sb and O as shown in Fig. 2 illustrates the homogeneity of 
the Ti/ Sb-SnO2. Consequently, we chose the deposition temperature of 550 ± 5 oC  
to prepare the Ti/Ni-Sb-SnO2 electrodes with different Ni concentration due to the 
large SnO2 crystal particles which leads to a good durability [10].  
 
In order to investigate the effects of Ni concentration on the crystal structure and 
electrocatalytic properties of Ti/Ni-Sb-SnO2 anodes, it would be desirable to have an 
elemental characterization. We attempted to detect and quantify the Ni content in our 
anodes by X-ray analyses (EDX) and X-ray photoelectron spectroscopy (XPS), but 
unfortunately it has not possible to obtain reliable data. It also was reported in other 
work that the actual content of Ni in Ni-doped SnO2 is extremely difficult determined 
[10,31,38]. Thus, Ni concentration in the precursor solutions is used as reference in 
the following content. The surface morphologies of Ti/Ni-Sb-SnO2 anodes prepared 
using the precursor solution containing 2.5, 7.1, 9.2 and 11.3 at.% Ni are shown in Fig. 
3a, 3b, 3c and 3d, respectively. It is also seen that the Ni/Sb co-doped SnO2 thin films 
are compact without typical cracks which exist in those Ni/Sb co-doped SnO2 thin 
films prepard by dipcoating [31]. Moreover, it is novel to find that the Ni 
concentration significantly affects the coating morphologies. As shown in Fig. 3a, the 
size of Ni/Sb co-doped SnO2 crystal particle prepared with the precursor solution 
containing 2.5 % Ni becomes small and the grain boundary is obscure. As the Ni 
concentration increases the size increases and the grain boundary can be clearly 
observed from Fig. 3b to Fig. 2d.  
   
Fig. 4 shows the cyclic voltammograms (CV) obtained at the Ti/Ni-Sb-SnO2 
electrodes with different Ni doped level in 0.5 M H2SO4 solution at scan rate of 100 
mV/s. It is novel to find that the onset potential for oxygen evolution is beyond 2.4 V 
vs NHE , closed to the onset potential (2.7 V vs NHE) of BDD [32,33]. This value is 
larger than that of Ti/Sb-SnO2 electrodes varied from 2.0 to 2.4 V vs NHE depending 
on Sb doping level [25]. Moreover, the onset potential for oxygen evolution increases 
slightly with the Ni doping level. As the Ni concentration increases to11.3 at.%, the 
6 
onset potential for oxygen evolution increases to 2.5 V vs NHE, which suggests that 
Ti/Ni-Sb-SnO2 electrodes have good activity for pollution oxidation. As discussed in 
our previous work [26], the oxidation potential corresponding to the onset potential 
for oxygen evolution depends on the strength of interaction between electrodes and 
hydroxyl radicals. The weak electrode-hydroxyl radical interaction on the surface of 
electrodes leads to a high oxidation potential [39]. So it can be deduced that the 
introduction of nickel results in a weak interaction between electrode and hydroxyl 
radicals. It is believed that the surface structures of the electrodes significantly affect 
the electrocatalytic reactions [40,41]. Therefore, the enhancement in oxidation 
potential suggests that the Ni doping significantly impacts surface structure. 
 
Fig. 5 shows the XRD patterns fitted by Gaussians Ti/ Ni-Sb-SnO2 electrodes with 
the Ni doping concentration of 2.5 at.%, 7.1 at.%, 9.2 at.% and 11.3% in precursor 
solution in the 2θ range of 20o to 54o. The XRD patterns indicate that all the samples 
show a polycrystalline and have the only phase present excluding the phase of 
titanium substrate. Four peaks that agree well with the (110), (101), (200) and (211) 
reflections of a rutile-type structure of SnO2 (ICDD 01-070-4176) are observed. The 
preferred or random growth of polycrystalline SnO2 thin films is investigated by 
calculating the texture coefficient (TC) factor [42], written by  TC(ℎ𝑘𝑙) = I(ℎ𝑘𝑙) I0(ℎ𝑘𝑙)⁄�1
𝑁
�∑ Iℎ𝑘𝑙 I0(ℎ𝑘𝑙)⁄𝑁𝑁=1                       (1) 
where 𝐼ℎ𝑘𝑙  is the measured intensity value of the hkl plane and I0(ℎ𝑘𝑙)  is the 
standard intensity values of the hkl plane. N is the number of obtained diffraction 
peaks in the XRD profile. High TChkl suggests the preferred growth. As seen in Fig. 6, 
the TC101 increases with the nickel concentration while TC110, TC200 and TC211 
decrease with the nickel concentration. TC101 is larger than other TChkl for the high Ni 
concentration in precursor solution (> 7.1 at.%), which indicates that the 
Ti/Ni-Sb-SnO2 with high nickel concentration has a preferred orientation along (101) 
plane.  
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To gain insights into the effects of nickel doping on the onset potential for oxygen 
evolution, we calculated the work function of Sb-SnO2 with the nickel atomic ratio 
varied from 0 to 12.5 at%. As show in Fig. 7, eight atomic layers separated by 2.5 nm 
of vacuum layer were built to model the SnO2 (101) surface. The geometry structures 
of all models were optimized before the work function calculation.  
 
The work function is defined as the minimum energy needed to remove an electron 
from the Fermi energy level of the bulk of a material to vacuum level, which is 
obtained by  
ϕ = Vvac − EF                          (2) 
where EF is the Fermi energy level and Vvac is the vacuum level. Fig. 8a shows the 
calculated Fermi energy level and work function as a function of Ni concentration in 
Sb-SnO2. As can be seen, as the Ni ratio increases, the Fermi energy level decreases 
but the work function increases. The calculated work function of Sb doped SnO2 with 
the Sb concentration of 18.75 at.% is about 3.85 eV, which is closed to the 
experimental value [43]. For comparison, the Fermi energy and work function of only 
Ni doped SnO2 and only Sb doped SnO2 are calculated, as shown in Fig. 8b and 8c. It 
is observed that the Fermi energy level increases with the Sb concentration for low 
doping level, but decreases with the Sb concentration for high doping level. It was 
reported in experiment that the resistivity of Sb doped SnO2 thin films decreases with 
the Sb concentration for low doping level but increases with Sb concentration for high 
doping level [44]. For only Ni doped SnO2, from Fig. 8c it can be seen that the Fermi 
energy level decreases linearly with the Ni concentration while the work function 
increases with the Ni concentration.  The work function has significant impacts on 
the oxidation potential of SnO2 electrodes. High work function can improve the 
oxidation potential [26]. Therefore, it can be deduced that high Ni doping level 
enhances the oxidation potential of SnO2 electrodes due to the increase in work 
function and the preferred (101) plane.   
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Conclusion  
In summary, the Ti/Ni-Sb-SnO2 electrodes were prepared successfully using the spray 
pyrolysis method. The onset potential for oxygen evolution is improved above 2.4 V 
vs NHE due to the Ni doping and also inreases slightly with the increasing of Ni 
concentration. The heavy Ni doped SnO2 films show a preferred orientation along 
(101) plane. DFT calculations suggest that the increase in work function of SnO2 
contributes to the enhancement of the onset potential for oxygen evolution. These 
results are significant to develop advanced SnO2-based electrodes with high oxidation 
potential to treat a broad kind of organic pollutant which can be illustrated by testing 
the current efficiency in the future. 
 
References 
[1] J. Radjenovic, D.L. Sedlak, Challenges and Opportunities for Electrochemical 
Processes as Next- Generation Technologies for the Treatment of 
Contaminated Water, Environ. Sci. Technol. 49 (2015) 11292–11302. 
doi:10.1021/acs.est.5b02414. 
[2] A.R. Ribeiro, O.C. Nunes, M.F.R. Pereira, A.M.T. Silva, An overview on the 
advanced oxidation processes applied for the treatment of water pollutants 
defined in the recently launched Directive 2013/39/EU., Environ. Int. 75 (2015) 
33–51. doi:10.1016/j.envint.2014.10.027. 
[3] A.N. Subba Rao, V.T. Venkatarangaiah, Metal oxide-coated anodes in 
wastewater treatment, Environ. Sci. Pollut. Res. 21 (2014) 3197–3217. 
doi:10.1007/s11356-013-2313-6. 
[4] J. Ribeiro, A.R. De Andrade, Characterization of RuO2-Ta2O5 Coated 
Titanium Electrode Microstructure, Morphology, and Electrochemical 
Investigation, J. Electrochem. Soc. 151 (2004) D106. doi:10.1149/1.1787174. 
[5] M. Morimitsu, R. Otogawa, M. Matsunaga, Effects of cathodizing on the 
morphology and composition of IrO2-Ta2O5/Ti anodes, Electrochim. Acta. 46 
9 
(2000) 401–406. doi:10.1016/S0013-4686(00)00598-3. 
[6] W. Zhang, H. Kong, H. Lin, H. Lu, W. Huang, J. Yin, et al., Fabrication , 
characterization and electrocatalytic application of a lead dioxide electrode 
with porous titanium substrate, J. Alloys Compd. 650 (2015) 705–711. 
doi:10.1016/j.jallcom.2015.07.222. 
[7] Y. Duan, Q. Wen, Y. Chen, T. Duan, Y. Zhou, Preparation and characterization 
of TiN-doped Ti/SnO2-Sb electrode by dip coating for Orange II decolorization, 
Appl. Surf. Sci. 320 (2014) 746–755. doi:10.1016/j.apsusc.2014.09.182. 
[8] K.-W. Kim, E.-H. Lee, J.-S. Kim, K.-H. Shin, B.-I. Jung, A study on 
performance improvement of Ir oxide-coated titanium electrode for organic 
destruction, Electrochim. Acta. 47 (2002) 2525–2531. 
doi:http://dx.doi.org/10.1016/S0013-4686(02)00129-9. 
[9] K.-W. Kim, E.-H. Lee, J.-S. Kim, K.-H. Shin, K.-H. Kim, Study on the 
electro-activity and non-stochiometry of a Ru-based mixed oxide electrode, 
Electrochim. Acta. 46 (2001) 915–921. 
doi:http://dx.doi.org/10.1016/S0013-4686(00)00674-5. 
[10] P. a. Christensen, K. Zakaria, H. Christensen, T. Yonar, The Effect of Ni and 
Sb Oxide Precursors, and of Ni Composition, Synthesis Conditions and 
Operating Parameters on the Activity, Selectivity and Durability of Sb-Doped 
SnO2 Anodes Modified with Ni, J. Electrochem. Soc. 160 (2013) H405–H413. 
doi:10.1149/2.023308jes. 
[11] F. Zaviska, P. Drogui, J.F. Blais, G. Mercier, P. Lafrance, Experimental design 
methodology applied to electrochemical oxidation of the herbicide atrazine 
using Ti/IrO2 and Ti/SnO2 circular anode electrodes, J. Hazard. Mater. 185 
(2011) 1499–1507. doi:10.1016/j.jhazmat.2010.10.075. 
[12] J. Kong, S. Shi, X. Zhu, J. Ni, Effect of Sb dopant amount on the structure and 
electrocatalytic capability of Ti/Sb-SnO2 electrodes in the oxidation of 
4-chlorophenol, J. Environ. Sci. 19 (2007) 1380–1386. 
[13] T. Duan, Q. Wen, Y. Chen, Y. Zhou, Y. Duan, Enhancing electrocatalytic 
performance of Sb-doped SnO2 electrode by compositing nitrogen-doped 
10 
graphene nanosheets, J. Hazard. Mater. 280 (2014) 304–314. 
doi:10.1016/j.jhazmat.2014.08.018. 
[14] N. Kakati, J. Maiti, S.H. Jee, S.H. Lee, Y.S. Yoon, Hydrothermal synthesis of 
PtRu on CNT/SnO2 composite as anode catalyst for methanol oxidation fuel 
cell, J. Alloys Compd. 509 (2011) 5617–5622. 
doi:10.1016/j.jallcom.2011.02.087. 
[15] G. Zhao, X. Cui, M. Liu, P. Li, Y. Zhang, T. Cao, et al., Electrochemical 
Degradation of Refractory Pollutant Using a Novel Microstructured TiO2 
Nanotubes/Sb-Doped SnO2 Electrode, Environ. Sci. Technol. 43 (2009) 
1480–1486. doi:10.1021/es802155p. 
[16] D. Shao, X. Li, H. Xu, W. Yan, An improved stable Ti/Sb–SnO2 electrode 
with high performance in electrochemical oxidation processes, RSC Adv. 4 
(2014) 21230. doi:10.1039/c4ra01990c. 
[17] R. Berenguer, J.M. Sieben, C. Quijada, E. Morallón, Pt- and Ru-Doped 
SnO2–Sb Anodes with High Stability in Alkaline Medium, ACS Appl. Mater. 
Interfaces. 6 (2014) 22778–22789. doi:10.1021/am506958k. 
[18] S.Y. Yang, D. Kim, H. Park, Shift of the Reactive Species in the Sb − SnO 2 ‑  
Electrocatalyzed Inactivation of E. coli and Degradation of Phenol: E ff ects of 
Nickel Doping and Electrolytes, (2014). doi:10.1021/es404688z. 
[19] P.A. Christensen, W.F. Lin, H. Christensen, A. Imkum, J.M. Jin, G.L.C.M. 
Dyson, Room Temperature, Electrochemical Generation of Ozone with 50% 
Current Efficiency in 0.5M Sulfuric Acid at Cell Voltages < 3V, Ozone Sci. 
Eng. 31 (2009) 287–293. 
[20] S.A. Cheng, K.Y. Chan, Electrolytic Generation of Ozone on an 
Antimony-Doped Tin Dioxide Coated Electrode, Electrochem. Solid-State Lett. 
7 (2004) D4–D6. 
[21] J.B. Parsa, M. Abbasi, A. Cornell, Improvement of the Current Efficiency of 
the Ti/Sn-Sb-Ni Oxide Electrode via Carbon Nanotubes for Ozone Generation, 
J. Electrochem. Soc. 159 (2013) 711–718. doi:10.1149/2.jes112940. 
[22] G. Turgut, E. Sonmez, S. Aydın, R. Dilber, U. Turgut, The effect of Mo and F 
11 
double doping on structural, morphological, electrical and optical properties of 
spray deposited SnO2 thin films, Ceram. Int. 40 (2014) 12891–12898. 
doi:10.1016/j.ceramint.2014.04.148. 
[23] G. Turgut, E.F. Keskenler, S. Aydın, D. Tatar, E. Sonmez, S. Dogan, et al., 
Characteristic evaluation on spray-deposited WFTO thin films as a function of 
W doping ratio, Rare Met. 33 (2013) 433–441. 
doi:10.1007/s12598-013-0055-8. 
[24] G.R.A. Kumara, C.S.K. Ranasinghe, E.N. Jayaweera, H.M.N. Bandara, M. 
Okuya, R.M.G. Rajapakse, Preparation of Fluoride-Doped Tin Oxide Films on 
Soda–Lime Glass Substrates by Atomized Spray Pyrolysis Technique and 
Their Subsequent Use in Dye-Sensitized Solar Cells, J. Phys. Chem. C. 118 
(2014) 16479–16485. doi:10.1021/jp411354b. 
[25] P. Yao, Effects of Sb doping level on the properties of Ti/SnO2-Sb electrodes 
prepared using ultrasonic spray pyrolysis, Desalination. 267 (2011) 170–174. 
doi:10.1016/j.desal.2010.09.021. 
[26] A. Chen, B. Bin Li, B. Miljkovic, C. Souza, K. Zhu, H.E. Ruda, Improving the 
oxidation potential of Sb-doped SnO2 electrode by Zn/Sb co-doping, Appl. 
Phys. Lett. 105 (2014) 021606. doi:10.1063/1.4885043. 
[27] G. Li, Y.-H. Wang, Q.-Y. Chen, Influence of fluoride-doped tin oxide 
interlayer on Ni–Sb–SnO2/Ti electrodes, J. Solid State Electrochem. 17 (2013) 
1303–1309. doi:10.1007/s10008-013-1997-3. 
[28] D. Shao, W. Yan, X. Li, H. Yang, H. Xu, A Highly Stable Ti/TiH x/Sb–SnO2 
Anode: Preparation, Characterization and Application, Ind. Eng. Chem. Res. 53 
(2014) 3898–3907. http://pubs.acs.org/doi/abs/10.1021/ie403768f. 
[29] B. Correa-Lozano, C. Comninellis, A. De Battisti, Service life of 
Ti/SnO2–Sb2O5 anodes, J. Appl. Electrochem. 27 (1997) 970–974. 
[30] J.B. Parsa, M. Abbasi, A. Cornell, Improvement of the Current Efficiency of 
the Ti∕Sn-Sb-Ni Oxide Electrode via Carbon Nanotubes for Ozone Generation, 
J. Electrochem. Soc. 159 (2012) D265. doi:10.1149/2.jes112940. 
[31] H. Shekarchizade, M.K. Amini, Effect of Elemental Composition on the 
12 
Structure, Electrochemical Properties, andOzone Production Activity of 
Ti/SnO2-Sb-Ni Electrodes Prepared by Thermal PyrolysisMethod, Int. J. 
Electrochem. 2011 (2011) 1–13. doi:10.4061/2011/240837. 
[32] X. Chen, G. Chen, P.L. Yue, Anodic oxidation of dyes at novel Ti/B-diamond 
electrodes, Chem. Eng. Sci. 58 (2003) 995–1001. 
doi:10.1016/S0009-2509(02)00640-1. 
[33] X. Chen, G. Chen, F. Gao, P.L. Yue, High-performance Ti/BDD electrodes for 
pollutant oxidation., Environ. Sci. Technol. 37 (2003) 5021–6. 
http://www.ncbi.nlm.nih.gov/pubmed/14620833. 
[34] S. Gupta, B.C.C. Yadav, P.K. Dwivedi, B. Das, Microstructural, optical and 
electrical investigations of Sb-SnO2 thin films deposited by spray pyrolysis, 
Mater. Res. Bull. 48 (2013) 3315–3322. 
doi:10.1016/j.materresbull.2013.05.001. 
[35] B. Correa-Lozano, C. Comninellis, A. De Battisti, Electrochemical properties 
of Ti / SnO2-Sb205 electrodes prepared by the spray pyrolysis technique, J. 
Appl. Electrochem. 26 (1996) 683–688. 
[36] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, et al., 
QUANTUM ESPRESSO: a modular and open-source software project for 
quantum simulations of materials, J. Phys. Condens. Matter. 21 (2009) 395502. 
http://stacks.iop.org/0953-8984/21/i=39/a=395502. 
[37] J. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made 
Simple., Phys. Rev. Lett. 77 (1996) 3865–3868. 
http://www.ncbi.nlm.nih.gov/pubmed/10062328. 
[38] Y.-H. Wang, S. Cheng, K.-Y. Chan, X.Y. Li, Electrolytic Generation of Ozone 
on Antimony- and Nickel-Doped Tin Oxide Electrode, J. Electrochem. Soc. 
152 (2005) D197. doi:10.1149/1.2041007. 
[39] C. Comninellis, G. Chen, Electrochemistry for the Environment, 2010th ed., 
Springer New York, New York, 2010. doi:10.1007/978-0-387-68318-8. 
[40] E. Herrero, L.J. Buller, H.D. Abruña, Underpotential Deposition at Single 
Crystal Surfaces of Au, Pt, Ag and Other Materials, Chem. Rev. 101 (2001) 
13 
1897–1930. doi:10.1021/cr9600363. 
[41] D.M. Kolb, Electrochemical Surface Science, Angew. Chemie Int. Ed. 40 
(2001) 1162–1181. 
[42] K. Ravichandran, K. Thirumurugan, N. Jabena Begum, S. Snega, Investigation 
of p-type SnO2:Zn films deposited using a simplified spray pyrolysis technique, 
Superlattices Microstruct. 60 (2013) 327–335. doi:10.1016/j.spmi.2013.05.006. 
[43] A. Klein, C. Körber, A. Wachau, F. Säuberlich, Y. Gassenbauer, R. Schafranek, 
et al., Surface potentials of magnetron sputtered transparent conducting oxides, 
Thin Solid Films. 518 (2009) 1197–1203. doi:10.1016/j.tsf.2009.05.057. 
[44] A.A. Yadav, S.C. Pawar, D.H. Patil, M.D. Ghogare, Properties of (200) 
oriented, highly conductive SnO2 thin films by chemical spray pyrolysis from 
non-aqueous medium: Effect of antimony doping, J. Alloys Compd. 652 (2015) 
145–152. doi:10.1016/j.jallcom.2015.08.197. 
14 
 
Figure captions  
 
Fig. 1  SEM images of the Ti/ Sb-SnO2 electrodes deposited at temperature of (a) 
377 oC, (b) 417 oC, (c) 510 oC and (d) 550 oC. Manification: 10000 ×.  
 
Fig. 2 Elemental mapping images of the Ti/ Sb-SnO2 electrodes deposited at 
temperature of (a) 377 oC, (b) 417 oC, (c) 510 oC and (d) 550 oC. 
 
Fig. 3 SEM images of the Ti/ Ni-Sb-SnO2 electrodes with different Ni doping 
concentration in precursor solution. Manification: 10000 ×. 
 
Fig. 4 Cyclic voltammetric behavior of Ti/Ni-Sb-SnO2 anodes with different Ni 
doping concentration in precursor solution.  
 
Fig. 5 XRD patterns of Ti/ Ni-Sb-SnO2 electrodes with the Ni doping concentration of 
(S1) 2.5 at.% (S2) 7.1 at.%, (S3) 9.2 at.% and (S4) 11.3% in precursor solution at 
diffraction angles from 20° to 54°. The XRD patterns of a rutile-type structure of 
SnO2 (ICDD 01-070-4176) and a Titanium (ICDD 01-089-5009) are also shown 
below.  
 
Fig. 6 Variation in TC for various orientations of Ti/Ni-Sb-SnO2 with different Ni 
doping concentration in precursor solution. 
 
Fig. 7 the calculation models of SnO2 doped with 12.5 at% Sb atoms (a), 12.5 at% Sb 
and 6.25 at% Ni atoms (b) and 12.5 at% Sb and 12. 5 at% Ni atoms (c).  
 
Fig. 8 Fermi energy level and work function of SnO2 vs Ni concentration in Sb-SnO2 
(a), vs only Ni concentration in SnO2 (b) and only Sb concentration in SnO2 (c). 
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